Abstract-The design of a multi-channel (M = 5) lattice form band pass optical delay line filter is reported. The filter synthesis is based on the division of total transfer function into unit blocks and the circuit parameters are obtained by constrained least square method. This band pass filter has better performance compared with the results obtained in the conventional design techniques. For a filter of order 35, a stop band attenuation greater than 50 dB is achieved. Further, the band pass filter is introduced in a optical fiber link and simulated in Optisystem software, to verify its characteristics.
INTRODUCTION
Digital filters such as finite-impulse response (FIR) and Infiniteimpulse response (IIR) are well known from the digital signal processing applications. These filters consist of delay elements, weighting factors and adders. Similar filters can be realized using fiber optic components due to their periodic transfer function, which is used for filtering several adjacent channels simultaneously [1, 2] .
In recent times, optical delay line filters are finding increased application in optical processing of microwave and RF signals [3] [4] [5] . These filters offer several channels of phase shifted bandpass transmission simultaneously. The design of 1 × 3, 3 × 3 filters have already been proposed in the literature [6, 7] . In these design techniques, the passbands of the filter were found to be nonoverlapping and the delay time was about 0.01 ns which corresponds to the free spectral range (FSR) of 100 GHz. The number of stages used in the 1×3 filter design is 21. The 3×3 filter is designed with a circuit, which consists of two ports of lattice structures that respectively, consist of N and two stages of 3 × 3 directional couplers linked by differential delay lines. By choosing differential delay lines in the lattice structures, the resultant filter is capable of producing three channels of 2π/3 phaseshifted interleaved transmissions.
Jinguji and Yasui [8] in their work, have designed a 1×M (M ≥ 2) optical lattice filter with a M ×M diagonal delay circuit with a modified inverse discrete Fourier transform. The synthesis algorithm was based on polyphase decomposition with N = 39 and 1 dB bandwidth of the pass band was about 0.16 FSR and attenuation of stopband was greater than 28 dB.
Azam et al. [9] have proposed a synthesis algorithm of a multichannel lattice form optical delay line circuit. The method consists of 1 × M optical delay line circuit which offers same characteristics as 1 × M FIR digital filter.
In this paper, a 1×5 lattice form band pass optical delay line filter is proposed to meet the multi-channel bandpass filter characteristics. The circuit is composed of directional couplers and phase shifters. The synthesis algorithm is based on the division of total transfer function into unit blocks and the circuit parameters are obtained by constrained least square method. This algorithm increases the speed of execution and improves the numerical accuracy of the result and does not require transition band region and it is globally concave. The scheme proposed in this work greatly reduces the computational complexity and improves the performance of the interlever. The main advantage of this method is that it can be used to design the band pass filter without specifying the transition regions.
CIRCUIT CONFIGURATION
The circuit configuration of (1 × 5) lattice form (M = 5) lattice form band pass optical delay line filter is presented in this section. 
SYNTHESIS ALGORITHM
The synthesis algorithm is mainly used to calculate the unknown parameters like optimum coefficients
and one external phase shifter [9, 11] . The steps involved in this synthesis algorithm are given below:
Step 1. The initial step is to get the constant delay time difference ∆τ from desired periodic frequency f 0 . It is calculated by ∆τ = 1/f 0 .
Step 2. Obtain the approximate optimum coefficients a k , b k and c k using constrained linear least square method.
Step 3. Calculate the transfer function of each block and derive the equations to obtain the coupling coefficient angles of directional couplers and phase shift angles of phase shifters. The recursion equations can be obtained by factorizing the total transfer matrix S(z). Transfer matrix S(z) can be decomposed into the following form:
is obtained by multiplying the transfer functions of all basic components.
The following expressions are used to find the circuit parameters and the Equation (3) is used to find the coupling coefficient and phase shift
From the desired periodic frequency, constant delay time difference ∆τ is calculated
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All the circuit parameters are obtained Figure 2 . Flowchart of the algorithm.
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DESIGN EXAMPLE
In this design example, delay time is set to 0.2 ns, which corresponds to the free spectral range of 5 GHz. The number of expansion coefficients is set at 35. The wavelength of operation is fixed as 1550 nm and the delay time is calculated accordingly [8] . The center frequency of the mth passband is shifted by 2π(m − 1)/(M ∆τ ), where ∆τ is the unit delay time (the FSR corresponds to 1/∆τ ). The constrained least square algorithm [10] is used to synthesize a M = 5 lattice form band pass optical delay line filter and the various parameters are calculated. Table 1 shows the calculated circuit parameters of coupling coefficient angles of directional couplers and the phase shift values of the phase shifters (θ nA , θ nB , ϕ nA and ϕ nB ) with number of stages k = 35.
RESULTS AND DISCUSSION
The magnitude and phase response of the 1 × 5 lattice form band pass optical delay line filter are shown in Figures 3 and 4 respectively. The response obtained in Figure 3 shows the 0 dB at the center frequency of each band while the stop band attenuation is less than 50 dB. The maximum number of stages used to design this multi-channel filter (1×5) is 35 (k = 35), which is less than that reported by Azam et al. [9] , where an order of 39 is registered to realize a stop band attenuation of 26 dB. Figure 4 shows the phase response of 1 × 5 lattice form band pass optical delay line filter. The variation of 3 dB bandwidth for different output ports are shown in Figure 5 . The 3 dB bandwidth obtained from the filter shows almost constant bandwidth of 65 MHz for all the output ports. The variation of stopband attenuation for centre frequency of different output ports is presented in Figure 6 . The stopband attenuation shows a periodic variation with the maximum attenuation of 70 dB for the first and last output ports; however the minimum stopband attenuation is around 50 dB for the center band. A system level simulation of an optical link is carried out using Optisystem software to verify the characteristics of the microwave band pass filter. The system comprises of a 1550 nm Laser diode and a Mach Zehnder external modulator, driven by a RF signal source. The optical filter output is fed to a photodetector and a RF spectrum analyzer. A RF amplifier is also added to the photo detector to provide an amplified RF signal. The RF modulated optical signal is passed through the delay line filter, implemented in MATLAB, through a co-simulation option available in Optisystem software. The entire block diagram is shown in Figure 7 . The input RF signal spectrum of a 246 MHz RF signal and the corresponding output is shown in Figures 8(a) and (a) (b) Figure 8 . Results obtained using system simulation (a) input and (b) output spectrum for port 3.
(a) (b) Figure 9 . Results obtained using system simulation (a) input and (b) output spectrum for port 4.
(b) respectively. The output is available only in the port 3, which corresponds to that centre frequency (246 MHz). The other ports showed no output. The simulation is also repeated for 330 MHz centre frequency and output showed the desired response [ Figures 9(a) (b) ].
CONCLUSION
The design of lattice form multi-channel (M = 5) optical delay line filter is proposed in this paper. The design approaches the similar filter characteristics of the digital FIR filter. An algorithm for synthesizing the multichannel optical delay line is also derived. Constrained least square method is used to obtain the circuit parameters which have less number of complexities compared to the set of recursion equations.
This proposed algorithm has been tested with an example. It is observed that the maximum number of stages used to design the multi-channel filter is 35. It is found that the lattice form multichannel optical delay line filter can be mostly used in all microwave applications. The performance of the designed filter is also verified in a optical fiber link, using Optisystem simulation software.
